Abstract To determine if maternal health literacy influences early infant immunization status. Longitudinal prospective cohort study of 506 Medicaid-eligible motherinfant dyads. Immunization status at age 3 and 7 months was assessed in relation to maternal health literacy measured at birth using the Test of Functional Health Literacy in Adults (short version). Multivariable logistic regression quantified the effect of maternal health literacy on immunization status adjusting for the relevant covariates. The cohort consists of primarily African-American (87%), single (87%) mothers (mean age 23.4 years). Health literacy was inadequate or marginal among 24% of mothers. Immunizations were upto-date among 73% of infants at age 3 months and 43% at 7 months. Maternal health literacy was not significantly associated with immunization status at either 3 or 7 months. In multivariable analysis, compared to infants who had delayed immunizations at 3 months, infants with up-to-date immunizations at 3 months were 11.3 times (95%CI 6.0-21.3) more likely to be up-to-date at 7 months. The only strong predictors of up-to-date immunization status at 3 months were maternal education (high school graduate or beyond) and attending a hospital-affiliated clinic. Though maternal health literacy is not associated with immunization status in this cohort, later immunization status is most strongly predicted by immunization status at 3 months. These results further support the importance of intervening from an early age to ensure that infants are fully protected against vaccine preventable diseases.
Introduction
Approximately one-third of adult Americans has limited health literacy, affecting their ability to obtain, understand and apply health information [1] . Among adults, multiple studies have shown that limited health literacy is associated with poor health outcomes, inadequate receipt of preventive care services and increased health care costs [2] [3] [4] [5] [6] . In spite of this evidence about adult health literacy, little is known about the relationship between parental health literacy (or literacy in general) and child health outcomes [7] [8] [9] [10] . Given that children most often depend on caregivers to obtain necessary health care, it is likely that parental health literacy influences child health outcomes. However, previous research shows mixed results. One recent retrospective cohort study at a university pediatric clinic demonstrated that asthmatic children of parents with low literacy were more likely to visit the emergency room, be hospitalized, or miss school [7] . Other studies have found significant associations between high parental literacy and likelihood of breastfeeding [11] as well as improved glycemic control among diabetic children [12, 13] . Another study examined the association between literacy status, childhood health maintenance procedures, and parental understanding of child diagnosis and medication. No significant association was observed; however, this study followed families for only 48 h after the visit [8] .
Vaccination is one of the most important preventive care practices for children and understanding the factors that predict immunization status can improve targeted immunization outreach activities. Specific socio-demographic characteristics and receipt of prenatal care services have all been associated with early immunization [14] [15] [16] [17] [18] [19] [20] [21] . Recent attention has also focused on the importance of early initiation of immunizations in predicting up-to-date immunizations in the future [18] . However, the role of maternal health literacy in predicting immunization status remains unexplored. It is possible that low levels of maternal health literacy may hinder maternal understanding of the importance of vaccination or how to access infant vaccination programs, thus leading to delayed vaccination. Examining the role of health literacy also may help better explain the mechanisms by which other factors affect immunization status. For example, having adequate health literacy may attenuate the effects of other socio-demographic characteristics on immunization status.
The aim of this study is to investigate the association between maternal health literacy and early immunization status among a Medicaid-eligible inner city birth cohort.
We hypothesize that mothers with an adequate level of health literacy will be more likely to have infants who are up-to-date on their immunization status at both 3 and 7 months of age after adjusting for other factors known to affect early immunization status. We also hypothesize that maternal health literacy might attenuate the effect of maternal education on immunization status.
Methods

Study Design, Study Population and Data Sources
This is a longitudinal prospective cohort study of Medicaid-eligible mothers and their healthy infants enrolled in an ongoing study entitled The Health Insurance Improvement Project (HIP) that aims to determine maternal and child patterns of Medicaid enrollment. Between June 15, 2005 and August 6, 2006, study subjects were recruited from the well baby nursery at a large urban hospital shortly after the infant's birth. Inclusion criteria were maternal Medicaid eligibility and maternal English proficiency. Infants who had a gestational age less than 36 weeks, birth weight less than 2,500 grams, or who were not in the well baby nursery after delivery were excluded. Infants entering foster care or adoption services were also excluded.
Upon enrollment, mothers completed a baseline survey, which included socio-demographic information, public benefits received and type of health insurance. In addition, each mother was given the short form Test of Functional Health Literacy in Adults (S-TOFHLA). The S-TOFHLA is a well-validated measure of functional health literacy that uses specific health related examples to assess reading comprehension [22] . The short form contains 2 reading passages with scores ranging from 0 to 36 categorized as follows: B16 limited; 17-22 marginal; C23 adequate [22] . The primary predictor of interest was maternal health literacy as measured by the S-TOFHLA score.
The primary outcomes of interest were infant up-to-date immunization status at 3 and 7 months of age as established by the Advisory Committee on Immunization Practices [23] . For 3 months of age, up-to-date status was measured as the receipt of at least one Hepatitis B (HepB), one polio, one Haemophilus Influenza Type b (Hib), one conjugate pneumococcal vaccine (PCV7) and one diphtheria/tetanus/acellular pertussis (DTaP) containing vaccine. For 7 months of age, up-to-date status was measured as the receipt of 3 HepB, 2 polio, at least 2 Hib, 3 PCV7 and 3 DTaP containing vaccines. Exclusion of PCV7 from assessment of up-to-date status did not significantly change any reported results. Of note, there were no vaccine shortages during the study period. Using individual identifiers collected at enrollment, immunization data for study subjects were abstracted from the Philadelphia Department of Health Division (PDPH) of Disease Control Immunization Registry (KIDS) by PDPH staff. KIDS contains information for every infant vaccinated within Philadelphia county, reporting to the registry is mandated for all vaccinations given to children under the age of 19 years by Philadelphia providers, and medical record audits are performed regularly to ensure and increase data accuracy. A recent study found that 92% of children living in Philadelphia have an immunization record in KIDS [24] and the registry has served as a reliable source of data for several studies [25] [26] [27] .
Based on review of the literature about known predictors of immunization [14] [15] [16] [17] [18] [19] [20] [21] ,covariates included maternal race/ethnicity, age, education level, receipt of prenatal care, WIC participation, marital status, employment status, infant birth order, presence of a congenital or chronic disease in the infant, and infant's health care location (hospital-affiliated site, private office or community clinic/ health center). In modeling the outcome of immunization status at age 7 months, we also included immunization status at age 3 months as a predictor because underimmunization at age 3 months is a known predictor for subsequent up-to-date status [18, 26] .
The study was approved by the Institutional Review Boards at the University of Pennsylvania and The Children's Hospital of Philadelphia.
Statistical Analyses
Statistical analyses assessed whether maternal health literacy was significantly associated with up-to-date immunization status (yes/no) at 3 and 7 months of age after adjusting for relevant covariates. Maternal health literacy and all covariates except maternal age (continuous) were included as categorical variables. Chi-square tests were used to compare characteristics between enrolled mothers who provided immunization data and did not. Chi square tests were also used to compare the distribution of maternal health literacy and other covariates between infants based on immunization status. Logistic regression models were used to explore the association of each of the covariates as well as maternal health literacy with immunization status. We used a best subsets approach to create multivariable logistic regression models and choose the best fitting ones. We also explored the associations between covariates to exclude any variables highly associated with each other from these models. Plausible two-way interactions were evaluated. To assess the effect of missing immunization data on our results we conducted a sensitivity analysis assuming children with missing data were up to date and were not up to date. The results from this analysis remained unchanged, so we excluded children with missing immunization data from the analysis. To determine whether maternal health literacy attenuated the effect of maternal education on immunization status, we compared the coefficient for maternal education in nested models with and without maternal health literacy.
A Type I error level of 0.05 was used for all analyses. Subjects with missing values for any variables were excluded from multivariable models. All analyses were conducted using SAS software, version 9.1.3.
Results
Of 3,451 live births during the recruitment period (6/15/ 2005-8/6/2006), 2,680 (77.7%) met inclusion criteria to be screened for the study (Fig. 1 ). Of these, 1,285 were excluded based on study eligibility criteria leaving 1,395 eligible mother-infant dyads. Among eligible dyads, 637 (46%) mothers refused participation and 14 (1%) were missed by the recruiting team resulting in 744 (53% of eligible infants) enrolled in the study. Though African-American and working mothers were less likely to participate than mothers from other groups, there were no significant differences in maternal age, maternal education, maternal country of origin, or infant birth weight between participants and non-participants. Of the 744 enrolled mothers, 580 (78%) participants completed our 6 months follow up survey of which 19 (3%) were excluded for missing S-TOFHLA scores and 55 (7%) for missing other data leaving us with a sample size of 506 for our analysis. The 506 participants in the analytic sample were representative of the entire study sample (n = 744) in the distribution of maternal health literacy and other sociodemographic characteristics. Among the 580 participants who completed the 6 months follow-up, African-American infants were more likely to have immunization data than other groups, but there were no significant differences in maternal health literacy or other socio-demographic characteristics between infants with and without immunization data ( Table 1) . The cohort consists of young, primarily African-American (84%), single (90%) mothers (Table 2) . Maternal health literacy was inadequate or marginal among nearly one-fourth of mothers and 31% had less than a high school education. Seventy-three percent of infants had up-to-date immunizations at age 3 months and 43.3% were up-to-date at age 7 months. In bivariate analysis, infants whose mothers had completed high school or beyond were at least 3 times more likely to be up-to-date at 3 months of age than those whose mothers had not completed high school. Furthermore, infants receiving care in a hospital-affiliated setting were nearly four times more likely to be up-to-date at 3 months than those attending private practices or community health centers. At 7 months, though health care location remained significantly associated with up-to-date status, maternal education did not and different factors emerged as important predictors. At 7 months of age, thirdborn children were nearly twice as likely to not be up-todate as first-or second-born children and children of single mothers were 1.3 times more likely to not be up-to-date than others. In particular, compared to infants who were up-to-date at 3 months, children who were not up-to-date at 3 months were 9.2 times more likely to not be up-to-date at 7 months (P \ 0.001). Notably, though the correlation between maternal education and health literacy was strong, it was not perfect (Table 3) ; one-third of mothers who had graduated high school had inadequate/marginal health literacy.
The variables that were found to be significantly associated with immunization status at 3 or 7 months of age in the bivariate analysis remained significant in multivariable models (Table 4) . Maternal health literacy was not significantly associated with immunization status at either 3 or 7 months. Instead, other maternal characteristics and clinic type were associated with up-to-date status. These findings remained essentially unchanged when we analyzed mothers with inadequate health literacy separately from those with marginal health literacy. Thus, for ease of interpretation, we present the results by combining mothers with inadequate and marginal health literacy into one group. At 3 months, infants whose mothers had completed high school or beyond or who received care in a hospital-affiliated site were more likely to be up-to-date than others. At 7 months, infants whose mothers were married, whose mothers were older, who were first born or second born, and who were up-to-date at age 3 months were more likely to be up-to-date. Comparison of log-likelihoods between models with and without maternal education showed that maternal education had a significant impact on immunization status at 3 months of age but not at 7 months of age.
Discussion
To our knowledge, this is the first study that prospectively investigates the role of maternal health literacy on immunization status. In this cohort, maternal health literacy does not predict immunization status at either 3 or 7 months of age, suggesting that other factors are driving this health maintenance practice. Instead, early infant immunization status is associated with maternal education and age, marital status, health care location, prior immunization status, and birth order. These findings further support the importance of intervening from an early age through targeted outreach efforts to ensure that infants are fully protected against vaccine preventable diseases. In light of the current H1N1 epidemic, our findings also support continued investments in broad messaging to enhance seasonal and H1N1 vaccination programs for adults and children.
As summarized in our introduction, previous studies investigating the influence of parental literacy, and specifically health literacy, on child health outcomes and health care utilization have produced mixed findings [7] [8] [9] [10] [11] [12] . In this study, we did not find an association between maternal health literacy and the specific child health outcome of immunization status. There are several potential explanations for our findings. First, as the cornerstone of preventive medicine, immunization is a high priority outcome for health care providers. In fact, there is a growing trend towards providing financial incentives (i.e., pay for performance) to providers for achieving high immunization rates [28, 29] . Thus, health care providers have strong incentives to ensure children are immunized, regardless of parental health literacy level and time required for parent education, obtaining consent, or scheduling visits. Second, we assessed immunization status using Philadelphia's registry as opposed to provider charts. Though registry records have been shown to have lower up-to-date status than some types of physician charts, this non-differential misclassification is markedly reduced for practices utilizing electronic medical records [24] . In this study, nearly half of the cohort attends practices that use electronic medical records and this would lead to an overestimate of the strength of association between health literacy and immunization status. Notably, in this cohort, we found no association between these factors. Apart from these limitations, our sample was predominantly African-American, English speaking, and restricted to those living in Pennsylvania; thus our findings may not be generalized to other populations. However, African-Americans are a historically medically underserved group and our findings provide specific information about risk factors in this population that can support targeted immunization outreach efforts. We also found that maternal education and health literacy were strongly, but not perfectly, correlated. This finding supports the conceptualization of health literacy as a functional set of skills that may be an important predictor of individual ability to navigate the health care system and, ultimately, influence health outcomes. Though we did not observe an association between maternal health literacy and immunization status, we did observe that maternal education significantly influences immunization status at age 3 months whereby infants whose mothers have high school or greater education were more likely to be up-todate. However, maternal education was not a significant influence on immunization status at 7 months. As we and others have shown [18] , up-to-date status at 3 months is an overwhelmingly strong predictor of timely vaccination later in infancy and childhood and this effect may overshadow the influence of maternal education in later years. Our findings may also reflect the influence of maternal education on decisions about initiating vaccinations; that is, once mothers have decided to vaccinate and learned how to access the health care system, the likelihood of continuing vaccinations is overwhelmingly high. For providers, our 
Comparison of log-likelihoods between models with and without maternal education showed a significant effect of maternal education at 3 months but not at 7 months. The c-statistics were 0.65 for the model predicting up-to-date status at 3 months, 0.66 for the model predicting upto date status at 7 months excluding the variable for status at 3 months, and 0.77 for the fully inclusive model predicting up-to-date status at 7 months as presented in the table. There were no significant differences in odds ratio estimates between models with and without maternal education. For ease of interpretation, only results for models including maternal education are presented findings reinforce the importance of avoiding medical jargon and resisting assumptions about health literacy skills based on a patient's educational attainment. Additional research in this area is warranted. Consistent with previous studies [15, 17, 19, 21, 30 , 31], we found that birth order, maternal age, and practice type were important predictors of immunization status in early infancy. Though birth order was not important at 3 months of age, first and second-born children were more likely to up-to-date at 7 months of age than subsequent children. This pattern may reflect the competing demands for time among mothers with multiple children or, perhaps, the false sense of security among mothers whose prior children are healthy and have not suffered from vaccine-preventable illnesses [16] . Given that we found that married mothers were also more likely to have infants with up-to-date immunizations at 7 months lends some support to the notion that married mothers have greater social supports to assist in managing competing demands and have greater capacity to ensure timely vaccinations.
Consistent with other studies [26] , we also found that attending a hospital-affiliated site was a strong predictor of up-to-date immunization status at 3 months. Compared to private offices and community health centers, hospitalaffiliated sites may have greater resources in terms of electronic health record immunization alerts or other information infrastructure supports that facilitate early initiation of immunizations and that this effect diminishes once immunizations are initiated [32] . Notably, although our findings support a trend towards association between prenatal care and immunization status that did not reach statistical significance, this relationship has been established in previous studies [16, 17, 21, 30, 31] .
In summary, we found that health literacy is not associated with immunization status in early infancy. Instead, the strongest and vastly overwhelming predictor of future up-to-date immunization status is prior immunization status. We also found that maternal education is a strong predictor of early initiation of immunizations. Taken together, these findings support continued investments in early intervention efforts directed at improving early initiation of immunizations.
